Direct mass measurements beyond the proton drip-line 
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First on-line mass measurements were performed at the SHIPTRAP Penning trap mass spectro- 
meter. The masses of 18 neutron-deficient isotopes in the terbium-to-thulium region produced in 
fusion-evaporation reactions were determined with relative uncertainties of about 7 • 10 -8 , nine of 
them for the first time. Four nuclides ( 144 ' 145 Ho and 147 ' 148 Tm) were found to be proton-unbound. 
The implication of the results on the location of the proton drip-line is discussed by analyzing the 
one-proton separation energies. 

PACS numbers: 23.50.+Z, 07.75.+h, 21.10.Dr, 27.60. +j 



The origin and the abundance pattern of the chemical 
elements in our solar system is one of the major unsolved 
problems in modern physics. The paths of the stellar pro- 
duction mechanisms for heavy elements depend strongly 
on input data from nuclear physics like Q-values, branch- 
ing ratios and decay constants. Here, precise mass mea- 
surements of exotic nuclei can serve as an essential source 
of information, especially where spectroscopic investiga- 
tions are not possible 0, H, [H, 0] ■ 

An important topic in this context is the location of 
the borderlines of nuclear stability. While the neutron 
drip- line is experimentally still only reached for very light 
elements, the proton drip-line was accessed up to heavy 
elements like protactinium The first ground state 
proton emitter, 151 Lu, was discovered at GSI in 1981 [6j. 
Other proton-decaying nuclides like 147 Tm were observed 
shortly after Whereas the detection of proton decay 
is of course sufficient proof of the unbound character of 
the emitting state, the inverse relation does not necessar- 
ily hold: The proton radioactivity of a proton-unbound 
nuclide may well be too weak to be detected, especially 
in close vicinity to the proton drip-line. This is due to 
two effects. First, the Q-value of direct proton decay Q p 
strongly affects the decay rate. A small Q p value results 
in a very low decay rate, i.e., a very long partial half- life, 
and thus a negligibly small branching ratio compared to 
the competing /3 decay. Second, it is experimentally very 
challenging to discriminate the low-energy proton against 
the background of (3 decay positrons. For these reasons 
proton emitters are generally found only at some dis- 
tance from the proton drip-line and can not be used to 
delineate its location precisely. This letter shows for the 



first time that precise mass measurements can overcome 
these problems through a determination of the Q p value 
by measuring the masses of the mother and the daughter 
nuclei of the direct proton decay. 

The SHIPTRAP facility U was set up at GSI Darm- 
stadt to perform precision experiments with radioactive 
nuclides produced in fusion-evaporation reactions at the 
velocity filter SHIP [9J. These experiments aim for in- 
vestigations of the nuclear or atomic structure by means 
of trap-assisted decay spectroscopy, mass or laser spec- 
troscopy, and chemical reaction studies. In the first stage 
SHIPTRAP focuses on accurate mass measurements with 
a Penning trap mass spectrometer. The location behind 
SHIP offers the opportunity to investigate radioactive 
ions from medium-heavy up to transuranium elements. 
This letter addresses the first results obtained using 
SHIPTRAP, which are mass measurements of neutron- 
deficient nuclides in the rare-earth region (A ks 146). 
These measurements are particularly interesting because 
of the proximity to the proton drip-line and the occur- 
rence of ground-state proton radioactivity. 

A stable-isotope beam accelerated to energies of about 
4-5MeV/u impinges on a thin target foil to pro- 
duce radioactive ions via fusion-evaporation reactions. 
The slower reaction products with energies of typically 
few lOOkeV/u are kinematically separated from the 
faster primary beam and transferred to SHIPTRAP. A 
schematic overview of the setup is shown in Fig. [TJ The 
ions enter a helium-filled buffer-gas cell [l(| through a few 
/im thin metal foil. While the main energy loss happens 
in the window foil the ions are finally thermalized inside 
the cell by collisions with the helium buffer gas. A com- 
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FIG. 1: Schematic overview of the SHIPTRAP experiment. The radioactive ions delivered by SHIP are stopped (gas cell 
section), accumulated and cooled (buncher section) and transferred (transfer section) into the 7T superconducting magnet 
(trap section). After isobaric separation (purification trap) the cyclotron frequency is determined (measurement trap). 



bination of electrical DC and radio frequency (RF) fields 
drags the ions towards the nozzle region, where they are 
swept out by a supersonic gas jet into the extraction RF 
quadrupole (RFQ) that acts as a differential pumping 
line and ion guide. The subsequent section consists of 
a helium-filled RFQ cooler and buncher, which accumu- 
lates the ions and enhances the injection efficiency into 
the Penning traps by decreasing the emittance of the ion 
beam . The following section contains ion-optical ele- 
ments to deflect and focus the ion beam into the magnet. 
A quadrupole deflector is used to quickly switch between 
the radioactive ions from the gas cell and stable ions from 
a dedicated reference ion source. For the latter purpose 
a surface ion source containing a mixture of alkali ele- 
ments (potassium, rubidium and cesium) or alternatively 
a carbon-cluster ion source [ij} is used. In the last sec- 
tion a 7T superconducting magnet houses two cylindri- 
cal Penning traps in two homogeneous-field regions. In 
the first Penning trap (purification trap) a mass-selective 
buffer-gas technique [l3| is applied to select one nuclide, 
which is transferred through a 3 mm diaphragm into the 
second Penning trap (measurement trap). Here, the mass 
determination is performed by measuring the cyclotron 
frequency 
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which is the frequency with which an ion of mass mi on 
and charge state z rotates in a magnetic field of strength 
B. This frequency is measured by means of the time-of- 
flight ion-cyclotron-resonance (TOF-ICR) method [l4j |. 
The magnetic field strength is calibrated by measuring 
the cyclotron frequency v re f of a reference ion with a 
well-known mass m re f. Taking the frequency ratio r — 
v re f/v c the mass of the atomic nuclide can finally be 
calculated as 



m = r {m re f - ZrefTTle) + z m e , (2) 

z ref 



where m e is the electron mass and z re f the charge state of 
the reference ion. The binding energies of some eV for the 
outer electrons can be neglected for a mass uncertainty 
above 1 keV. A detailed description of the complete setup 
and the measurement procedure can be found in 15 1. 

The data presented here were obtained in two ex- 
periments performed in October 2005 and December 
2005. A 58 Ni 14+ beam with an energy of 4.36MeV/u 
and 4.60MeV/u hit a 0.626 mg/cm 2 thick 92 Mo foil to 
produce neutron-deficient isotopes in the terbium-to- 
thulium region. The primary beam intensity was around 
200 particle- nA. 

For the first identification of the radionuclides in the 
purification trap an excitation time of 200 ms yielded a 
mass resolving power of about 50,000. This was suffi- 
cient for a clean selection of the ion of interest before the 
transfer to the measurement trap. The excitation time 
here was usually 900 ms leading to a resolving power of 
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FIG. 2: Cyclotron resonance of 143 Dy ++ . An excitation time 
of 900 ms leading to a mass resolving power of 1.2 ■ 10 6 was 
used to separate the ground state (right) from the isomeric 
state (left). 
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TABLE I: Results of the mass measurements. The half-lives 
Tj/2 are listed according to [lfj. Column three and four give 
the mass excesses of the data obtained in this work (M oxp ) and 
the previous literature values (Mame) [HI- Estimated masses 
are marked with . Column four shows the differences be- 
tween the experimental and the previous data (M cxp — Mame). 



Nuclide 


Tl/2 


M cxp (keV) 


M AME (keV) 


Diff.(keV) 


i43 Tb 


12 s 


-60420(50) 


-60430(60) 


10(78) 


i47 Tb 


1.64 h 


-70740(11) 


-70752(12) 


12(16) 


143 Dy 


5.6 s 


-52169(13) 


-52320(200)* 


150(200) 


144 Dy 


9.1s 


-56570.1(7.1) 


-56580(30) 


10(31) 


145 Dy 


9.5s 


-58242.6(6.5) 


-58290(50) 


47(50) 


146 Dy 


33.2 s 


-62554.7(6.7) 


-62554(27) 


1(28) 


147 Dy 


40 s 


-64197.9(8.8) 


-64188(20) 


-10(22) 


148 Dy 


3.3 min 


-67861(13) 


-67859(11) 


-2(17) 


1 1 O 


t uu nis 






^cuV ^nn^ 
oyu^ouu ) 


145 Ho 


2.4 s 


-49120.1(7.5) 


-49180(300) # 


60(300) 


146 Ho 


3.6s 


-51238.2(6.6) 


-51570(200)* 


330(200) 


147 Ho 


5.8s 


-55757.1(5.0) 


-55837(28) 


80(28) 


148 Ho 


2.2 s 


-57990(80) 


-58020(130) 


30(150) 


146 Er 


1.7s 


-44325.0(8.6) 


-44710(300)* 


390(300) 


147 Er 


2.5s 


-46610(40) 


-47050(300)* 


440(300) 


148 Er 


4.6 s 


-51479(10) 


-51650(200)* 


170(200) 


147 Tm 


580 ms 


-35969.8(9.9) 


-36370(300)* 


400(300) 


148 Tm 


700 ms 


-38765(10) 


-39270(400)* 


500(400) 



1.2 • 10 6 . In total, the masses of 18 short-lived nuclides 
were measured as summarized in Table U compared to 
the previous literature values (la) . The mass values of 
nine nuclides had been measured before, mainly at the 
Experimental Storage Ring (ESR) of GSI [13] and by 
the on-line Penning trap mass spectrometer ISOLTRAP 
[III, while the other nine had been only estimated by 
extrapolation of the mass surface. In comparison with 
the previous data the new results mainly agree with the 
measured ones but slightly deviate from the estimates. 
The only significant deviation was found for 147 Ho, its 
origin presently not being understood. The analysis of 
the data yielded a relative mass uncertainty of 6.8 ■ 10~ 8 
in average [19j . 

The high resolving power allowed us to separate the 
first isomeric states of 143 Dy (see Fig. [5]) and 147 Dy with 
excitation energies of about 310 keV and 750 keV [la ], re- 
spectively. The individual frequency ratios for the ground 
and the isomeric states were both used to determine the 
mass of the corresponding ground state. The measure- 
ment of 147 Tm, with a half- life of 580 ms and a produc- 
tion cross-section of only 100-200 fjh @, H3] , allowed us to 
estimate the overall efficiency of SHIPTRAP to 2 • 10~ 4 . 

The proton separation energy S p , defined as 
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S p = B{Z,N) -B(Z-1,N) 
= -M(Z,N)+M(Z -l,N) 
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FIG. 3: Proton separation energies versus mass number for 
the odd-Z elements holmium (Z = 67) and thulium (Z — 
69). Only the even-JV isotopes are plotted. The circles show 
the previous measurements (full gray circles) and estimations 
(empty circles) taken from [la |. The data from this work are 
represented by black diamonds. Also shown are linear hts 
to the data. The inner box enlarges the interesting region 
around the drip-line. 



where Mh is the atomic mass of hydrogen, allows one to 
distinguish between the proton-bound (S p > 0) and the 
proton-unbound (S p < 0) nuclei or in other words to de- 
termine the proton drip-line. From the present data the 
S p values of four nuclides ( 144,145 Ho and 147,148 Tm) were 
determined to be negative. Table HT1 shows the results in 
comparison with the previous values. Only 147 Tm is a 
known and measured proton emitter 0, l2l| while for the 
other three nuclides the S p values had prior to this work 
only been deduced from mass estimates. However, due 
to the large uncertainties of these estimates, they did not 
allow for an unambiguous assignment of the sign of S p 
and therefore of the position of the drip-line. 

The determination of the proton drip-line on the basis 
of experimental data is visualized in Fig. [3] Here the 
S p values for the two elements holmium and thulium are 
plotted for their even-A^ isotopes only, thus avoiding the 
odd-even staggering due to the pairing energy. Three 
data points from the present work were included. The 
new Sp value obtained for 147 Tm agrees well with that 
determined previously 21 1. The measurement of 147 Ho 
slightly shifts the previous result to a lower separation 
energy. The value of 145 Ho was never measured before 
and the measurements clearly show that 145 Ho is proton- 
unbound. All data agree with the expected linear trend 
and confirm the location of the drip-lines: between A = 
145 and A = 147 for holmium and A = 149 and A = 151 
for thulium. 

The question whether the three new proton-unbound 
nuclides are accessible to investigations of direct proton 
decay can be answered by looking at the partial half-lives 
of this decay mode. In a simple, semi-empirical approach 
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TABLE II: List of nuclides with negative S p value. The partial 
half-lives for proton decay T p are given in the last column 
according to Eq. Q. 



Nuclide 


Sp 


(keV) 


T P (s) 




This work 


Literature 




144 Ho 


-271(16) 


-160(360) 


10 25 


145 Ho 


-161(10) 


-110(300) 


1Q 40 


14r Tm 


-1066(13) 


-1058(3) 


3 


148 Tm 


-560(40) 


-490(500) 


10 11 



applying the WKB approximation the proton decay can 
be described similarly to the a decay [23]. The decay 
constant 

In 2 _ 2C 
1 p 

is in this picture the product of a frequency factor Vq 
and an exponential transmission term. The factor v$ is 
in first order the inverse of the characteristic nuclear time 
and mainly defined by the velocity of the proton and the 
radius of the nucleus. In the investigated region of the 
nuclear chart vq has a typical value of 6 ■ 10 22 Hz [53] and 
is more or less constant. The transmission term, usually 
called Gamow factor, describes the tunneling probabil- 
ity through the Coulomb and centrifugal potential bar- 
riers. The exponent C p is the integral over the 'forbid- 
den' region of the potential. It depends mainly on the 
energy and angular momentum of the proton and can 
be calculated numerically. An angular momentum of 5 
was estimated by comparing the calculated half-life of 
147 Tm with the measured one. All calculated half-lives 
are shown in the last column of Table |TTJ Only for 147 Tm 
the proton decay is an observable decay channel. While 
for 148 Tm it is experimentally very difficult to discrimi- 
nate the proton from the (3 background, 144 Ho and 145 Ho 
are surely far out of reach for the study of proton decay 
as their partial half-lives for this decay mode are longer 
than the age of the universe. 

In summary, we present the first on-line mass mea- 
surements at the Penning trap spectrometer SHIPTRAP. 
The masses of 18 radionuclides in the neutron-deficient 
terbium-to-thulium region were measured, nine of them 
for the first time. The results show generally good agree- 
ment with the previously measured or estimated data. 
By analyzing the proton separation energies the new 



mass values were used to pin down the location of the 
proton drip-line in this region unambiguously. Simple 
model calculations of the partial half-lives show that di- 
rect measurements of the proton decay are not feasible 
or in the case of 148 Tm at least extremely ambitious. 
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